The abundance of singly ionized oxygen, O II, in planetary nebulae provides crucial diagnostic tests for the physical conditions present in these astrophysical environments. The abundance can be determined from the absorption lines formed by the radiative processes, such as the photo-excitations reported here. Radiative transitions are obtained from a total of 708 fine structure levels of O II with n 6 10; l 6 9, and 1=2 6 J 6 17=2. For spectral analysis oscillator strengths, line strengths, and transition probabilities ðAÞ are presented for 51,733 electric dipole fine structure radiative transitions. The calculations were carried out in the relativistic Breit-Pauli R-matrix approximation. The transitions have been identified spectroscopically using quantum defect analysis and other criteria. The calculated energies agree with the observed energies within 5% for most of the levels. However, some relatively large differences are noted, the largest difference being 13% for the level 2s 2 2p 2 ð 1 DÞ4pð 2 F o Þ 7=2 . Most of the A values and lifetimes agree with the existing measured and calculated values. The transitions should be applicable for diagnostics as well as spectral modeling in the ultraviolet and optical regions of astrophysical and laboratory plasmas.
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Introduction
Knowledge of accurate atomic transitions in O II is crucial for predicting its abundances in nebular plasmas and in modeling of supernoma remnants and OB type hot stars. Traces of O II are also found in the solar wind. Its diagnostic role in these environment stems from the fact that spectral properties provide information on population. However, a well known, large discrepancy exists in the predicted abundance of the ion depending on the varying considerations of radiative or collisional processes. These processes for O II have been studied by many researchers and, in a previous study, we computed collision strengths of O II [1, 2] using the BreitPauli R-matrix (BPRM) method. Later Tayal [3] presented similar results considering a larger number of collisional excitations. He also presented the radiative transitions among those levels obtained from atomic structure calculations.
Quite a number of studies have been carried out for radiative transitions and lifetimes of O II, both theoretically, for example, by Lennon and Burke [4] as part of the Opacity Project [5] , Bell et al. [6] whose values were renormalized for a number of transitions by Wiese et al. [7] , Natarajan [8] , Bates and Damgaard [9] , Froese Fischer [10] , and experimentally, for example, by Edlen [11] , Eriksson [12] , Pattersson and Wenaker [13] , Veres and Wiese [14] , del Val et al. [15] , Coetzer et al. [16] , and Nandi et al. [17] . An evaluated compilation of O II transitions from earlier investigations was carried out by Wiese et al. [7] . The study of this important ion continues seeking improved results since being near neutral the ion is sensitive to the quality of the representation of the wavefunction. The present work, within the Iron Project [19] , reports a large set ðn 6 10Þ of radiative transitions for this ion obtained using the relativistic BPRM for accurate plasma modelings.
Theory
Details of the theoretical background can be found in the papers from the Opacity Project [5] and the Iron Project (e.g., Ref. [20] ). A brief outline of the BPRM method in the close-coupling (CC) approximation (e.g., Ref. [21] ) is given below. In the CC approximation the atomic system is described as an N-electron target (core) interacting with a ðN þ 1Þth electron. The total wavefunction expansion, W E , of the ðN þ 1Þ-electron system is written as W E ðe þ ionÞ ¼ A The sum includes channels of various excitations of the core ion along with wavefunctions of the interacting electron. U j 's are correlation wavefunctions of the ðN þ 1Þ-electron system that (a) compensate the orthogonality conditions between the continuum and the bound orbitals and (b) represent additional short-range correlation.
In the Breit-Pauli approximation, the relativistic Hamiltonian for the ðN þ 1Þ-electron system is given by (e.g., Ref. [22] )
where H Nþ1 is the nonrelativistic Hamiltonian, is the spin-orbit interaction term, respectively. The two-body interaction terms are with notation ''c" for contraction, ''d" for Darwin, ''o" for orbit, ''s" for spin, and a prime indicates ''other". In the present calculations, the Breit-Pauli R-matrix Hamiltonian within the Iron Project [19] includes the first three one-body corrections and the three two-body terms except the last three weaker terms. Substitution of the wavefunction expansion into
results in a set of coupled equations that are solved using the R-matrix approach. In the BPRM method, the set of SLp are recoupled to obtain (e + ion) states with total Jp, following the diagonalization of the ðN þ 1Þ-electron Hamiltonian. At negative total energies ðE < 0Þ, the solutions of the close coupling equations occur at discrete eigenvalues of the (e + ion) Hamiltonian that correspond to pure bound states, W B .
The radiative transition matrix elements with dipole operator, D ¼ P i r i , where i is the number of electrons, is given by hW B jjDjjW B 0 i for electric dipole (E1) transitions. These can be reduced to generalized line strengths as
where W i and W f are the initial and final bound wavefunctions, respectively. The line strengths are energy independent quantities and are related to the oscillator strength, f ij , and radiative decay rate or Einstein's A-coefficient (in atomic units, a:u:) as
E ji is the energy difference between the initial and final states, a is the fine structure constant, and g i and g j are the statistical weight factors of the initial and final states, respectively. The lifetime of a level k can be obtained from the sum of A values of the radiative decays from the level as,
In time units, A ji ðs À1 Þ ¼ A ji ða:u:Þ=s 0 , where s 0 ¼ 2:4191 Â 10 À17 s is the atomic unit of time.
Calculations
The computations have been carried out using the package of Breit-Pauli R-matrix codes [23, 24] . The first step is to obtain the target or core wavefunctions which are the input for ''stage 1" (STG1), of the BPRM codes. The wavefunction expansion for the core O III was obtained from optimization of 23 configurations in relativistic atomic structure calculations using the code SUPER-STRUCTURE (SS) [26] . These configurations and the values of Thomas-Fermi-Dirac scaling parameters for the orbitals are listed in Table A . Although all 23 configurations were treated spectroscopically, only the first 19 levels of O III were included in the wavefunction for O II since no more bound states of O II are expected to form beyond these 19 core levels. These levels and comparison of their calculated energies with those of experiment (compiled by NIST [25] ) are given in Table A . The observed and calculated energies show good agreement.
The number of partial waves considered for the outer electron was up to l 6 14 and the R-matrix basis set for the orbitals had 14 terms. Being close to neutral, the ion has considerable correlation. Hence a relatively large R-matrix sphere, 15a o where a a is Bohr radius, was chosen for convergence of the orbital wavefunctions. The second term of the wavefunction included 73 configurations of O II with minimum and maximum occupancies, specified within parentheses, 1s(2-2), 2s(0-2), 2p(0-5), 3s(0-2), 3p(0-2), 3d(0-2), 4s(0-2), and 4p(0-2). In the Hamiltonian matrix, the calculated energies of the O III levels were replaced by the observed values.
The fine structure energy levels of O II were calculated in STGB and the energies were sorted by scanning through the poles in the (e + ion) Hamiltonian with a fine mesh of effective quantum number Dm of 0.001 to 0.0001. The energies were identified through a theoretical spectroscopy procedure based on quantum defect analysis, percentage of channel contributions, and angular momenta algebra as described in Ref. [27] and using code PRCBPID. The oscillator strengths for bound-bound transitions were obtained using code STGBB. The transitions were processed for energies and transition wavelengths using code PBPRAD.
Results and discussion
Results are presented here for the fine structure energy levels, oscillator strengths, line strengths, and radiative decay rates for a large number of allowed E1 transitions in O II. The energies and radiative transitions are discussed in the following subsections.
Fine structure energies
A set of 708 fine structure bound levels of O II, with n 6 10, 0 6 l 6 9, and 1=2 6 J 6 17=2 of even and odd parities are presented. These levels have been identified spectroscopically as C t ðS t L t p t ÞJ t nlJðSLÞp, where C t ; S t L t p t ; J t are the configuration, LS term, parity, and total angular momentum of the target or the core, nl are the principal and orbital quantum numbers of the outer or the valence electron, and J and SLp are the total angular momentum, LS term, and parity of the ðN þ 1Þ-electron system. Spectroscopic identification of the calculated energies is a major effort since the computational procedure of the Breit-Pauli R-matrix method does not identify them. The method of spectroscopic identification with BPRM is different from that of atomic structure calculations. An atomic structure calculation assigns a spectroscopic designation based on the mixing coefficients of the contributing configurations. On the contrary, with a larger number of configurations and couplings of channels involved in BPRM, several considerations such as quantum defects, percentage of channel contributions, and angular momentum algebra need to be made [27] . Hund's rule is followed for levels arising from the same configuration such that the level with higher spin multiplicity ð2S þ 1Þ and higher orbital angular momentum, L, lies lower than that with lower spin multiplicity and angular momentum.
A partial set of identified calculated energy levels is presented in Table 1 where the levels are grouped as LSJ components of LS terms. This form is useful for spectroscopic diagnostics and to check whether a set of levels is complete. The identification program PRCBPID [27] checks the completeness of the set of energy levels that belong to the LS term(s), and states if the set is complete, otherwise lists the missing levels. Although Hund's rule is adopted for identification, it is used more strictly for ð2S þ 1Þ than for L. It may be noted that some energies have been designated by more than one L value. These are all calculated levels for which there exists more than one possible value of the total angular momentum, L. For example, in Table B  the level ð2s  2 2p 23 P5dÞ with J ¼ 1=2, can have total angular momentum equal to P or D. If Hund's rule is followed, L should be D for the lower level and P for the upper level. However, for a multi-electron system, Hund's rule may not necessarily be followed. For such levels, both values of L are specified in the identification. Hence, for this particular level, the assigned designation is 4 PD 1=2 meaning L could be P or D.
The BPRM energies for O II are compared with the observed values in Table C . They agree with those in the NIST compiled table [25] within 5% for most of the levels. However, some relatively large differences are also found, the largest difference being 13% for the level 2s 2 2p 2 ð 1 DÞ4pð 2 F o Þ 7=2 . It may be noted that all levels have been identified uniquely based on the criteria above and with correspondence between the fine structure levels and their LS terms, such that exact numbers of fine structure levels are accounted for each LS term. However, due to mixing of states and similar quantum defects, spectroscopic designations could be swapped with respect to the atomic structure calculations. Hence, each level is assigned with one or more possible designations.
Allowed E1 transitions
The f ; S, and A values for electric dipole transitions (same spinmultiplicities and intercombination) in O II using the ab initio close-coupling approximation in the relativistic BPRM method have been obtained for the first time. Previously published results for fine structure transitions were obtained from various atomic structure calculations. One advantage of the R-matrix method is consideration of a large number of transitions. The present set, containing 51,733 E1 transitions among the 708 fine structure levels, is the largest set compared to all existing published sets of transitions.
Table D presents a sample of f ; S, and A values contained in the complete file. The top line specifies the nuclear charge ðZ ¼ 8Þ and number of electrons in the ion ðN elc ¼ 7Þ. This line is followed by sets of transitions among various pairs of symmetries,
The first line of each set specifies the transitional symmetries expressed by their statistical weight factors, g ¼ 2J þ 1, and parity p (0 for even and 1 for odd parity). The same line also gives the number of levels Ni and Nk belonging to symmetries J i and J k , and the total number of transitions NN = Ni Â Nk. The transitional levels can be identified spectroscopically by matching their indices I i and I k with those in Table B . The third column lists the transition wavelengths ðkÞ in Å obtained using EðÅÞ ¼ 911:2671=E ik (Ry), while the fourth and fifth columns provide individual level energies E i and E k in Rydbergs. The sixth column gives the oscillator strength f in length formulation. The sign of f indicates the upper and lower levels in the transition; a negative value means that level i is lower and a positive value means level k is lower. Column seven is line strength S, and column eight is transition probability or the radiative decay rate A ki ðs À1 Þ. Since f and A values depend on the transition energies, they have been evaluated from the calculated S values but using the observed transition energies whenever available. The file containing the complete set of transitions as well as the complete set of energies in Table D (for easy correspondence between transitions and identifications) is available electronically. A set of transitions, 4650 in total, for O II has been reprocessed with complete spectroscopic identification using the observed fine structure levels available in the NIST tabulation. Table 2 presents a partial set of transitions among these observed levels. The transitions have been grouped together as fine structure components of LS multiplets. Fine structure transitions with same spin-multiplicity can be added statistically for f ; S, and A values of dipole allowed LS multiplets. The standard spectroscopic notation used in the table can facilitate direct comparison with experiments and other applications, such as diagnostics.
BPRM A values for E1 transitions in O II are compared with those obtained experimentally and theoretically in Table E . Wiese et al. [7] carried out an evaluated compilation of results by various authors which is available at the NIST [25] website. Comparisons of present work for transitions from the ground configuration of O II are made with those by Bell et al. [6] obtained using the CIV3 code, by Tayal [3] obtained from atomic structure calculations using the multi-configuration Hartree-Fock method, by Natarajan [8] obtained using multi-configuration Dirac-Fock approximation, and by Lennon and Burke [4] in the R-matrix method but in nonrelativistic LS coupling approximation. Experimental measurements correspond mainly to 3s À 3p; 3p À 3d, and 3d À 4f transitions. Wavelengths of the transitions were measured by Edlen [11] , Erikson [12] , and Pettersson and Wenaker [13] . The present A values agree well with the published results by Tayal [3] and Natarajan [8] , and very well with those of Bell et al. [6] , some of which were renormalized later by Wiese et al. [7] . The correlation interaction between 2s2p 44 P and 2s 2 2p 2 3s 4 P states are known to show considerable perturbation effect on the states. In the latest published results on O II transitions, Tayal [3] accounted for the interaction by introducing a set of correlation orbitals, s; p; d, that were optimized for each state of the configurations. The average radii of the correlation orbitals were close to those of the spectroscopic orbitals indicating the states were very well represented. In contrast the present calculations included optimized orbitals up to 4p along with 73 configurations of O II as described in the computation section. These differences are the possible reasons for the differences in A values obtained by Tayal and the present calculations. Good agreement is found between the present values and those listed on the NIST website [25] that it calculated from pure LS coupling. The present A values agree very well with the measured values by Val et al. [15] who used a pulsed discharge lamp, and by Veres and Wiese [14] who used a photoelectric measurement using a well-stabilized arc discharge.
Lifetimes
Lifetimes of all 707 excited fine structure levels of O II are available electronically, and a sample of lifetimes is given in Table F . They are obtained using the E1 transition probabilities. The last column in the table lists the number of transitions of the level to lower levels.
The present lifetimes are compared with published values in Table G . Lifetimes were measured by Coetzer et al. [16] using the beam-foil technique but applying an arbitrarily normalized decay curve, and by Nandi et al. [17] using the beam-foil technique. The comparison shows that the present lifetimes agree better with 
Conclusions
A large set of transition probabilities and oscillator strengths for E1 transitions in O II from the ab initio relativistic BPRM method is presented. The atomic data comprises 51,733 transitions among 708 fine structure levels with n 6 10. Comparisons with existing energies, A values, and lifetimes show very good agreement with the measured as well as other theoretical values for most levels and transitions. The fine structure levels are identified spectroscopically. However, due to mixing of levels with different weights and similar quantum defects, the present identifications may not necessarily match those from atomic structure calculations, especially for the high lying levels.
Based on the comparison with various experiments and theoretical work and accuracy of the ab initio BPRM method, the present set of transitions is more complete and is of comparable or higher accuracy to existing values, and hence is expected to provide a more accurate basis for astrophysical modeling.
Table G
Comparison of the present lifetimes s in ns (10 À9 s) of O II with those in Refs. [16] (a), [17] (b), [9] (c), [10] (d), [18] (e), [4] Tables   Table 1. Partial set of 708 energy levels of O II, grouped as fine structure components of the LS terms
The levels are designated as C t ðS t L t p t ÞJ t nlJðSLÞp. The top line of each set provides the expected number of fine structure levels (Nlv) for the possible ð2Sþ1Þ L p terms with the given configuration. In the set, the spin multiplicity ð2S þ 1Þ and parity p are fixed, but L varies. Within parentheses next to each L, all possible J values associated with the given LS term are specified. This line is followed by the set of energy levels of the same configuration. Nlv(c) at the end specifies the total number of calculated J levels found for the set. If Nlv = Nlv(c), the calculated energy set for the given terms is complete Nlv(c) = 2: set complete Table 2 E1 transition probabilities for observed levels of O II, grouped as fine structure components of LS multiplets. See page 870 for Explanation of Tables. 
